INTRODUCTION
The advantages of absorption spectroscopy at low absorbances include a linear relationship between signal size and number of absorbing molecules, line of sight measurement and easily interpretable lineshape functions. The main disadvantage is due to the necessity for measuring a small change in light intensity, usuaiiy in the presence of a strong background, which limits the sensitivity. In this paper, we report the results of experiments designed to measure spectra of small free-radical species by direct absorption techniques in the mid-and near-infrared (IR). The radical of interest was generated by excimer laser photolysis of a chemically stable precursor molecule and detected by measuring the transient decrease in power of a continuous wave probe laser that traversed the photolyzed volume before being imaged on to a detector.
In the mid-IR, we have used diode lasers to record the vibrational spectrum of the HOCO radical in the region of its '2 (C=O stretch) fundamental. Some results of this study have already been published' and this first high resolution spectroscopic work has led to a number of other investigations at wavelengths from the millimeter wave,2 far infrared3'4 and two recent investigations of the v (H-O stretch) fundamental.5'6 With convenient spectroscopic probes of this important species now available, measurements of the kinetics of chemical reactions involving the radical are possible and two groups'8 have reported measurements of the rate of the reaction:
HOCO + 02 products.
(1) This is important in atmospheric chemistry and combustion systems. The rate, k,(296 K), was found to be 1 x 1012 cm3 mol' s-i within experimental errors, by both groups.
In the present paper, we describe additional measurements of the infrared spectrum of HOCO in the iifundamental region. These were originally designed to detect the cis-isomer of the radical. Previous experimental"9 and theoretical10 work confirmed that this is the higher energy isomer, but that it probably lies only 500-1000 cm1 above the trans-configuration. Infrared spectra of the radical trapped in a low temperature matrix9 determined that the i'2fundamental of cis-HOCO lies some 60 cm1 below that of trans-HOCO and this region was not searched in our earlier experiments. We were not successful in detecting absorptions which could be attributed to the higher energy isomer, however a large number of new spectral lines have been measured and these considerably improve the precision with which the v2= 1 level of trans-HOCO is known.
For the measurement of spectra in the near-W we have recently built a new spectrometer based on a Ti:sapphire ring laser which oscillates in the 700-1000 am wavelength region. Many free radicals ofpractical importance have low lying excited electronic states at energies corresponding to these wavelengths. Conventional photographic techniques become more difficult and dye lasers have low efficiencies at these wavelengths hence few high resolution studies have been carried out. We have obtained new spectra of the Cli, radical in its b'B1 -band system around 850 nm and results of a preliminary analysis of some of these data are presented here.
Finally, we describe the results of some very recent experiments that combine the transient absorption technique with frequency modulation spectroscopy (FMS). The results are very encouraging and hold the promise of increasing the sensitivity of the absorption experiment by several orders of magnitude.
3EXPERIMENTAL DETAILS
The measurements were made using the transient absorption spectrometers at Brookhaven National Laboratory. In the mid-ffi, the diode laser based system was described by Sears et al.1 and is essentially unchanged. In the near-IR, the spectrometer was described by Hall and Wu.11 In both cases, photolysis laser light was provided by a Questek series 2000 excimer laser. For experiments on HOCO, the 193 nm ArF transition was used to dissociate acrylic acid (C.2H3COOH) while CH2 was generated by 308 nm dissociation of ketene (CH2CO), formed as required by dehydration of acetic anhydride on a hot filament in a flow system.
RESULTS
New absorption spectra were recorded between 1820 and 1850 cm1 with the aim of identifying absorptions due to the perturbing levels and characterizing the interactions more completely. Searches at still longer wavelengths were hampered by strong precursor molecule absorption lines and the fact that the sensitivity of the InSb detector used falls off rapidly in this region.
An example of a spectrum obtained near 1836 cm1 is shown in figure 1 . The strong lines in this region can all be assigned to high-J P-branch lines in the v fundamental of trans-HOCO. A large number of new vibration-rotation transitions in this band have now been assigned. In view of these new data and the fact that the rotational spacings in the vibrational ground state are now better known from a far-IR laser magnetic resonance stud? we have refitted the entire JR dataset to an effective rotational Hamiltonian describing the v2= 1 level. For completeness, the current best fit ground state rotational constants are given in table I.
In view of the perturbations in the v2= 1 state noted above, we fitted the data for each Ka separately in the manner described previously' to determine the energies of each Ka level in the excited vibrational state together with an effective rotational constant for the end-over-end rotational motion, (B+C)/2. For levels with Ka= 1, we also included the combination (B-C)12 to take account of the Kdoubling. The results are summarized in The vibration involved is the v (C=O stretch) fundamental previously identified at 1844 cm1 in an argon matrix.9 The gas phase spectrum showed that the excited vibrational state was perturbed because the Ka subband spacings in the spectrum were highly irregular. A similar situation has been identified in many tetra-atomic monohydrides including HNCO'2"3 which, although a closed shell species, bears many resemblances to the HOCO radical in its vibrational structure. In HNCO, the major perturbation mechanisms were identified as being anharmonic (Fermi-type) resonances and a-type Coriolis couplings with combinations of lower frequency vibrations. The speculation was that similar interactions were present in the radical. on the difference in the combination A-(B + C)/2 of rotational constants between the two levels. From this plot, we can see that Ka' 2 and Ka' 3 ifl particular appear to be shifted from their expected positions while the very highest K. levels also deviate from a hypothetical straight line but in a smoother fashion. Interestingly, we searched quite hard for the K=8 subband Q-branch but were unable to identify it, although the Ka 7 one is reasonably strong. In the region immediately below the Ka=7 Q-branch, there are many weak lines and the low-J P-branch lines belonging to lower Ka sub-bands, but no obvious Q-branch structure. Figure 2 suggests that there is a fairly strong local perturbation in the region of the K' =3 level and some evidence for the perturbing level might be expected in the spectrum. After some searching, the spectrum shown in figure 3 was obtained. Here a weak additional Q-branch may be seen beginning at around 1851.75 cm1. From the fundamental frequencies measured in an argon matrix, we can identify this band as most likely belonging to the 3v5 (v5 is the in-plane OCO bend) overtone which will perturb v2 via an anharmonic resonance mechanism that is diagonal in the rotational quantum numbers. Table III of 3v5 and from the spectrum we can estimate its energy to be 1898.73 cm which compares with the same Ka in v2= 1 of 1899.0163 cm1 (table II) . We have set up a simple perturbation calculation which includes three interacting states: the v2 level, one level interacting with it via an anharmonic resonance (3v) and a third state interacting with the first two via an a-type Coriolis mechanism, ie with a Ka dependent interaction matrix element. For HOCO, this third level would correspond to 2v5 + v6 or v3 + v6 which are the closest combinations containing an odd number of quanta in the out of plane torsional mode, p6. The diagonal elements of the problem are the K. dependent energies so that, schematically, the interaction matrix is as given in (2), where E(7), (Ar h.c.
h.c.
vibrational intervals. Unfortunately, there are insufficient experimental data to solve uniquely for all the unknowns in the matrix (2). We fix the rotational constants for 3p (b) to 5.507 cni1 and for v ( --or 2v5 + pr,) to 5.227 cnf'. The former is obtained by assuming a 5 % increase in A on excitation to the bending overtone while the latter is the ground state value. We also fixed )((a,b)at 0.15 cm1 and both Coriolis interaction constants at 0.05 cm1 arbitrarily, and fit the data to values for E, (A2-J and Eb (for 3v). Table IV summarizes the results. If the observed additional Q-branch is gaining ___________________________________________________ intensity purely from the mixing with v then we estimate from the eigenvector coefficients of the perturbation matrix that it will have an intensity of ____________________________________________________ approximately 12% of the v2, Ka=3 Q branch, which is slightly less than seen in figure 3 . Other, equally good (or bad), fits of the vibrational intervals with slightly different XF and rotational constants in the perturbing level yielded estimates ofup to 25 % for this quantity. We find that the relative intensities of all the other Q-branches are predicted to be below the experimental sensitivity limit, hence explaining their non-observation.
Clearly, the residuals in table IV are much larger than the experimental uncertainties, especially for the higher K. values. Adjusting the parameters for mode (c) within physically reasonable bounds did not ____________________________________________________ affect this result to any significant degree, hence the model does not fully explain the vibrational structure the 0-0 of HOCO in this region. In order to vary both the interaction parameter (XF, or Xe), and the vibrational energies, we need experimental information on other rotational levels in the perturbing vibrational states.
Gas phase information on the lower frequency vibrations would also be very useful. In particular, direct observation ofthe lowest frequency fundamental, '6' would be most interesting. Experiments around 16km are planned in the near future, and the extension of the transient FM technique, demonstrated in the near-IR (see below), to mid-IR wavelengths using the diode laser spectrometer is also under development.
The 'B1 -spectrum of CH2 near 830 urn
The electronic spectrum of singlet methylene was originally obtained and analyzed by Herzberg and Johns14 in a classic study. Since that time, a large amount of experimental and theoretical work on the spectrum has been published. On the experimental side, the shorter wavelength region of the spectrum has been extensively studied using dye laser absorption and laser induced fluorescence spectroscopy. Most relevant to the current work is the transient absorption spectrum obtained by Petek et al.15'16 using a c.w. single mode dye laser. Very recently, stimulated emission pumping (SEP) spectroscopy17 has been used to provide the first information on highly excited vibrational levels in the lower, a, state involved in the transition. In combination with infrared spectra of the stretching vibrations in this state,18 these data provide a wealth of information on the rovibronic structure of the state. In the earlier work, all the closely spaced lines in this spectrum were unresolved. Experimental conditions were as follows. A 25 sccm flow of argon was passed over a room temperature sample of acetic anhydride ((CH3CO)O) and the mixture flowed over a heated filament, forming ketene, through a dry ice trap to remove water and residual acetic anhydride and thence to the absorption cell. The pumping rate _______________________________ was adjusted to give a total pressure of 1.6 torr in the experimental chamber, measured using a capacitance manometer. The spectrum in figure 4 is the average of 20, 308 nm, excimer laser shots per 400 MHz step in a time gate of 1 /L5, beginning 6 s following the photolysis event to allow for the relaxation of the initial CH2 internal energy distribution. Under these survey scan conditions, absorptions of as little as 0.04% can easily be identified. The Doppler linewidth for CH2 at 300 K and 12200 cm1 is 1. strongest in the entire band system. Ground state combination differences can be used to make many new assignments for the other bands observed by Herzberg and Johns and in a similar way, we have been able to tentatively assign several new K= 1 vibronic levels based on the ab initio results. Much additional work remains to be done on this spectrum, however the measurements will vastly increase the precision with which the region of the CH2 singlet potential near where the a and state surfaces become degenerate is known. a Experimental error limit 0.007 cm* Ka 2-3, 4-3, and 4-1 transitions were also observed. The analysis is still in progress.
Transient frequency modulation spectroscopy
The dominant noise source in the transient absorption experiments described above is due to amplitude fluctuations in the probe laser. In the case of the Ti:sapphire laser, amplitude fluctuations are of the order of 1-5%. In order to measure absorptions down to the 0.01 % level, a dual beam method was used. It partially, but not fully, corrects for the problem. In the mid-W, diode laser source noise is less severe, however it still limits the sensitivity of the technique. During the past decade, the technique of frequency modulation spectroscopy (FMS) has received considerable attention. In this technique, the required signal is detected at radio (if) or microwave frequencies, far above the high frequency cut off of the source noise spectrum. At visible and near-JR wavelengths, the basic technique is simple. The output from the single frequency laser is passed through a phase modulator driven at an if frequency, w1., to produce a frequency modulated beam consisting of a strong carrier at frequency w and two relatively weak sidebands at w w. The modulated beam is passed through the sample and then imaged onto a fast photodiode. The amplified detector electrical output is then passed to the signal input of a double balanced mixer referenced to the rf oscillator. The mixer output, which is the Fourier component of the input signal at the oscillator frequency is then passed to the usual data acquisition system, in the present case a LeCroy digitizing oscilloscope. In almost all FMS experiments reported to date, the sample has been a chemically stable species or some other static or only slowly varying sample. One notable exception was the work of Whittaker et alY who demonstrated very high sensitivity absorption measurements on HCO and NH2 radicals formed by photochemically modulated mercury sensitized decomposition of suitable precursor molecules. In these experiments, the time resolution was modest, limited by the rate at which the mercury discharge lamps that initiate the process could be modulated. However the modulation of the molecular absorption signals was very successfully used to discriminate against spurious FM signals caused by accidental étalons in the laser beam path.
in the current experiments, we replace the mercury lamps with a beam from a pulsed excimer laser. CN radicals formed The strongest FM signals in figure 5 correspond to ______________________________________________ absorptions of the order of 0.5% and we have retained S CN FM transient absorption. sufficient bandwidth in the detection system to characterize the time dependence of the lineshape due to velocity re1axation? For purely spectroscopic investigations, a low pass filter can be used after the mixer in order to significantly increase the signal to noise ratio. Even with the wide bandwidth, integration of the FM derivative lineshape spectrum of figure 5 yields the spectrum shown in the lower panel of figure 6 . For comparison, a transient absorption spectrum obtained using the standard dual beam configuration under exactly the same experimental conditions is shown in the upper panel. Normally, many hundreds of laser shots would be averaged at each probe laser frequency to yield acceptable sigal to noise ratios for Doppler resolved lineshape measurements.
These preliminary results are extremely encouraging. We are planning to attempt similar FM transient absorption studies in the mid-JR using the diode laser system. Here the FM sidebands can be directly obtained by applying a sinusoidal if frequency to the diode injection current. Several studies have been published26'27' however we are not aware of any time resolved measurements. S33N3'a3d3'a 9
